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ABSTRACT
We have made mass maps of three strong-lensing clusters, Abell 3827, Abell 2218 and Abell
1689, in order to test for mass–light offsets. The technique used is GRALE, which enables
lens reconstruction with minimal assumptions, and specifically with no information about
the cluster light being given. In the first two of these clusters, we find local mass peaks
in the central regions that are displaced from the nearby galaxies by a few to several kpc.
These offsets could be due to line-of-sight structure unrelated to the clusters, but that is very
unlikely, given the typical levels of chance line-of-sight coincidences in  cold dark matter
simulations – for Abell 3827 and Abell 2218 the offsets appear to be intrinsic. In the case of
Abell 1689, we see no significant offsets in the central region, but we do detect a possible line-
of-sight structure: it appears only when sources at z  3 are used for reconstructing the mass.
We discuss possible origins of the mass–galaxy offsets in Abell 3827 and Abell 2218: these
include pure gravitational effects like dynamical friction, but also non-standard mechanisms
like self-interacting dark matter.
Key words: gravitational lensing: strong – galaxies: clusters: individual: Abell 1689 –
galaxies: clusters: individual: Abell 2218 – galaxies: clusters: individual: Abell 3827 –
galaxies: haloes.
1 IN T RO D U C T I O N
Our current understanding of the Universe and its dynamics indicate
that its major components are dark: cold dark matter (CDM) and
the so-called dark-energy. Unlike baryons, dark matter interacts
only gravitationally and provides the deep potential wells which
are followed by the baryons. The baryons form clumps at these
potential wells and cool down to form stars. The standard CDM
model explains a range of observed processes pretty well, from
the angular power spectrum of the cosmic microwave background
[Ade et al. (Planck Collaboration) 2013] to the baryonic acoustic
oscillations (Sa´nchez et al. 2013) in the large-scale structure and
the number counts of clusters. However, the intrinsic properties and
behaviour of dark matter and dark energy remain an open problem in
cosmology.
In the picture of hierarchical structure formation in CDM
model, galaxy clusters are the most recently formed structures that
are gravitationally bound. They are cosmic laboratories to test the
laws of gravity, structure formations and the interaction of different
species of particles. A galaxy cluster contains lots of galaxies – tens
to thousands, hot intracluster plasma visible in X-rays, a variety
of relativistic particles and finally dark matter which dominates its
 E-mail: irshad@physik.uzh.ch
mass budget. Measuring the mass of the galaxy cluster is an essen-
tial aspect of using the cluster to study many other things. There are
several physical processes that enable one to measure the mass: the
kinematics of cluster galaxies (Saro et al. 2013), the hydrodynamics
of hot gas emitting X-rays (Vikhlinin et al. 2009), and gravitational
lensing. Lensing is particular interesting, because it relies only on
gravity and does not itself require any luminous objects in the cluster
being studied. One of the questions that lensing can address is how
well the luminous matter traces the distribution of total mass. Devi-
ations, or lack thereof, from the mass-follows-light hypothesis will
provide important information about the physical processes going
in within clusters. The first lensing-based detection of deviations
from mass-follows-light goes back to the late 1990s (Abdelsalam,
Saha & Williams 1998) but the observation that generated a wide
interest in these deviations was that of the Bullet Cluster (Clowe
et al. 2006), which showed unambiguously that dark matter is quite
collisionless compared to the gas phase baryonic matter (Randall
et al. 2008). While the properties of dark matter are probably not
the only reason for deviations from mass-follows-light in galaxy
clusters, dark matter self-interaction cross-section and how to opti-
mally extract it from observations is an exciting avenue of research
(Harvey et al. 2013a,b).
This work uses strong gravitational lensing to look for devia-
tions from mass-follows-light, i.e. it explores the correspondence
on the sky between the dark-matter peaks with the galaxies in the
C© 2014 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
 at U
niversitaet Zuerich on A
ugust 13, 2014
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
2652 I. Mohammed et al.
central parts of three galaxy clusters, Abell 3827, 2218 and 1689.
These clusters are very different from each other in morphology
and redshift. As we discuss in Section 4, some deviations we find
may be due to the non-standard properties of dark matter, but others
could be the result of superimposed substructure, or hydrodynamics
within the cluster.
We use GRALE (Liesenborgs, De Rijcke & Dejonghe 2006;
Liesenborgs et al. 2007), a strong-gravitational lensing tool to re-
construct the mass map of the clusters. There is no overall para-
metric form for the mass distribution, but rather an adaptive grid.
Other than the redshift, no information about the cluster is required
as input, not even its location or morphology. This makes GRALE
well suited to reconstruction of mass maps before comparison with
light.
2 T H E L E N S - R E C O N S T RU C T I O N T E C H N I QU E
GRALE has been applied to other strong-lensing clusters
(Liesenborgs et al. 2008, 2009) and compared with other techniques
(Zitrin et al. 2010, 2011), so here we just give a general description
and then some tests.
2.1 GRALE
The data given to GRALE consist of the identified multiple-image
systems and their redshifts, along with possible regions where ad-
ditional images are guessed to be likely. No information about the
light from the lens is given. The mass maps in GRALE are free-
form, being made up of a superposition of many components. In
this work, each component is taken as a Plummer lens, that is, the
usual Plummer sphere
ρ = 3M
4π
a2
(r2 + a2)5/2 (1)
projected to two dimensions. Other choices of lens component, such
as square tiles, are also possible.
Any mass distribution in GRALE is assigned a fitness with respect
to the given data. The fitness has two components, as follows.
(i) For a given mass map, the input images are ray-traced back
to the source, using the lens equation. The more nearly these back-
projected images coincide for any multiple-image system, the fitter
the mass map. If the fitness measure were simply the source-plane
distance between the back-projected images, that would favour ex-
treme magnification (tiny sources); accordingly, the fitness measure
is scaled to the source size.
(ii) There could be further places in the image plane that, when
ray-traced back to the source, coincide with the sources correspond-
ing to the observed images. These correspond to extra images, and
would be favoured by the above fitness measure. There may indeed
be undiscovered extra images in certain regions, but in most of the
image plane, extra images can be ruled out with high confidence.
The area of no images present is referred to in GRALE as the null
space. For each image system, the user specifies a null space, which
is simply the image plane with the images themselves cut out, and
(optionally) further cut-outs where incipient images could poten-
tially be present. Images in the null space lead to a fitness penalty
for the mass map.
It is possible to have other components to the fitness, such as
time delays for quasar source (Liesenborgs et al. 2009), but this
work uses these two. The null space, item (ii) above, is a unique
aspect of GRALE. There are other techniques that allow the mass
distribution to be very general in form, as with GRALE, but they
make additional assumptions in order to suppress extra images,
such as constraining local density gradients (Saha, Read & Williams
2006) or applying smooth interpolation schemes Coe et al. (2008).
Only GRALE incorporates the absence of images as useful data.
The computational part of GRALE is optimizing the fitness func-
tion for the given data, using a genetic algorithm. The basic idea,
inspired by Darwinian evolution, is to generate a population of trial
solutions. A fitness measure is assigned to each trial solution and
then these solutions are combined, cloned and mutated to get the
next generation of populations supported by a better fitness function.
Genetic algorithms have long been used in astrophysics for hard op-
timization problems (for a somewhat old but readable review, see
Charbonneau 1995). They tend to be computationally expensive,
but are often effective on otherwise intractable problems. GRALE
uses a multi-objective genetic algorithm, meaning that the differ-
ent components of the fitness function are compared individually,
not just combined into a single function. Only the fitness ranking
matters in genetic algorithms, not the actual values of the fitness. In
terms of likelihoods and posterior probabilities, models with better
fitness are considered more probable, that is, the fitness components
are monotonic in the posterior probability, but there is no known or
assumed functional relation between likelihood and fitness.
The locations and masses of the Plummer components are chosen
by the genetic algorithm. The algorithm also adapts the number
of Plummers, but an allowed range is specified by the user. That
is, the user specifies the level of substructure. For the GRALE
fitness measure, lower is better, and it decreases as we increase
the resolution of the map. This is quite intuitive as more Plummer
spheres naturally result in a better fit. So the overall criterion should
be somehow a function of the GRALE fitness measure and the
number of Plummers. We are not aware of any theoretical argument
that yields the appropriate criterion, but after some experimentation
we found one that works reasonably well in test cases. This is an
‘unfitness’ or
badness = ln
(
GRALE fitness ×
√
number of components
)
.
(2)
If we think of the GRALE fitness measure as a mismatch distance,
and the number of Plummers as the inverse resolution length, the
badness criterion appears natural.
To choose the number of Plummer components, we adopted
the following procedure. First, we have GRALE reconstruct the
lens with a comparatively low number of Plummers. Then, we let
GRALE improve the fit with progressively more Plummers, allow-
ing more substructure to be introduced. After that, we let GRALE
continue to adapt the fit with progressively fewer Plummers. The
mass distribution with the minimum badness (equation 2) is taken
as the result.
We now report on two simulated lenses, which we generated and
then reconstructed with GRALE, in order to check the pipeline and
calibrate the error estimates.
2.2 A simple lens
A Plummer lens of mass 1014 M was generated at redshift 0.1.
Six sources were put at different redshifts (one at 0.15, two at 0.2,
two at 0.4 and one at 1.0). The mass profile and image plane are
shown in Fig. 1. The images and source redshifts were given to
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Figure 1. A circularly symmetric synthetic lens (centre top panel) and six image systems from sources at different redshifts. Sources are in grey, caustics are
in blue, critical curves are in red. The contour lines in the synthetic lens are those of constant surface mass density; the colour scale is in units of log (kg m−2).
The same scale is used in all figures in this paper. For reference, crit for zl = 0.1 and zs = 0.2 in a standard CDM cosmology is 18.7 kg m−2.
the inversion module of GRALE. Fig. 2 shows the reconstructed
masses at different resolutions and the badness values.
When reconstructing the lens, GRALE did not have the informa-
tion that in fact it had a simple parametric form, without substruc-
tures. The reconstructions do have some substructure, as well as
small offsets from the centre. Such spurious features increase with
resolution. The least-badness criterion, however, favours a model
with relatively little substructure.
2.3 A more complex lens
We now increase the complexity, both of the input lens and of the
reconstruction procedure. For each data set, from now on we will
present a mean map  and a fraction rms-deviation map δ/, ob-
tained as follows. From the images, we first let GRALE construct
a sequence of maps at nine different resolutions (as with the sim-
ple lens), and then select the one at minimum badness. This whole
procedure is repeated 10 times, to obtain an ensemble of recon-
structions. The mean and rms deviation refer to such an ensemble,
as
δ = (〈2〉 − 〈〉2)1/2 . (3)
Each map of  and δ/ comes out of 90 separate reconstructions
at different resolutions. The typical computational requirement is
50 h × 16 cores.
A simulated lens at redshift 0.1 was next created with five Plum-
mers positioned such that the configuration resembles the inner
region of Abell 3827. Sources were put at different redshifts, as
follows.
(i) Three-source case: three sources at z = 0.2 were given as
input.
(ii) Four-source case: a fourth source at z = 0.4 was added.
(iii) Five-source cases: a fifth source at z = 1.0 was added.
The resulting images, along with caustics and critical curves, are
shown in Fig. 3). Results from these are shown in Fig. 4. The top row
of the figure shows the mass maps . The second row shows δ/,
or the fractional rms deviation. The third row shows /δ where
 is the (absolute) actual deviation of the reconstructed mass map
from the real mass map. If δ were close to , we could simply
take the rms deviation as the uncertainty. In fact the rms deviation
underestimates the true error by about a factor of 2. That can be read
off the bottom row of Fig. 4, which plots the cumulative distribution
of /δ.
The main result from this test is that the rms deviation times
two is a reasonable approximation of the errors. In addition, we
can also read off some qualitative features from Fig. 4. First, the
spur or handle-like feature to the lower right is recovered in the
lens reconstruction in all cases, even if not perfectly reproduced.
Secondly, the maps get more accurate as more sources, especially
at different redshifts, are introduced.
We conclude that GRALE is able to find offsets as well as ex-
tended structures (if any) in lenses.
3 R E C O N S T RU C T I O N O F T H R E E R E A L
CLUSTERS
In this section, we do mass reconstructions of three galaxy-clusters,
and present these with their accompanying mass error maps. The
two sets of maps for each cluster allow us to judge whether light-
follows-mass (LFM) is a good assumption. We defer the discussion
of the implications of the deviations from LFM to Section 4.
3.1 Abell 3827
Abell 3827 is a lensing cluster at redshift 0.099. Three multiply
lensed image systems have been identified (Carrasco et al. 2010)
belonging to three sources at redshift 0.204, most probably different
MNRAS 439, 2651–2661 (2014)
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Figure 2. Reconstruction of the lens in Fig. 1 from the data in that figure. The badness curve (bottom panel) shows that the best model is the third one (top-right
map in the grid of nine.) The dashed circle in each map delineates the modelled region. The sequence of mass maps is in reading order (from top left to bottom
right).
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Figure 3. A synthetic lens with a main mass concentration and a nearby secondary mass peak. Five projected Plummer spheres are used to construct this lens.
Image systems from five sources at different redshifts are shown in separate panels.
parts of the same source. Another big arc is identified belonging to a
source at redshift 0.408, but its multiply imaged counterpart has not
yet been identified. A mass map based on these images (Williams
& Saha 2011) indicates a dark extended clump, offset by ∼6 kpc
from the brightest of the four or five ellipticals in the cluster core.
This offset, if confirmed, would afford us a unique opportunity to
examine and understand the dynamics in dense regions of clusters.
One of the primary goals of this paper is to assess the reality of
this offset and estimate its statistical significance. GRALE is a very
different lens mass reconstruction method from the one used in
Williams & Saha (2011), so detecting the offset with GRALE will
lend credence to its reality.
Using the identified images we reconstructed the mass distribu-
tion in two ways, and then combined the results. These are displayed
in the three rows of Fig. 5.
First, we used the three image systems belonging to the sources
at redshift 0.2. The first panel of the top row of Fig. 5 shows a
spur in the mass map, which is offset from the nearby elliptical
galaxy (the rightmost of the five grey dots). The spur’s location is
similar to the location of the local overdensity reported in Williams
& Saha (2011), so the offset is similar in both reconstructions. From
the map of fractional rms deviation δ/ (right-hand panel of the
first row) the spur appears to be significant; the rms deviation in
that region is about 0.1 kg m−2, and so the fractional error is about
10 per cent. Since the structure appears to be extended and not a
single clump, it is not obvious how to quantify it. We can nonetheless
test its significance. We chose a circle of radius 5 arcsec (green
circle) around the nearby elliptical. (The choice of size is somewhat
arbitrary; other choices would also serve our purpose.) We then
calculate the centre of mass within this circle, for each mass map
within the ensemble, and mark them with green ‘+’ signs in the
middle panel of top row, which is a zoom on to the relevant region.
All 10 centroids are consistently displaced from the nearby galaxy
(grey circle), by about 1.2 arcsec. The average of the 10 centroids
is marked with a blue star symbol. We may interpret these results
as a hypothesis test. The null hypothesis is that the cluster has no
mass/galaxy offset, and the mass is centred on the galaxy light.
A mass reconstruction could nonetheless put the aperture centroid
displaced from the galaxy, simply from the stochastic element in the
genetic algorithm – note that the mass reconstructions are not given
any information about the cluster galaxies. If there is no mass offset,
the model offsets would be random, and the change of all 10 mass
reconstructions having an offset in the same direction would be only
10 per cent. But the aperture centroids are consistently offset in the
same region. Hence, there does appear to be an offset, significant at
90 per cent confidence, between the mass spur and the galaxy.
Secondly, we used all four image systems: three belonging to
the sources at redshift 0.2 and one with source redshift 0.4. As
mentioned before, no image counterpart of the latter has been iden-
tified, but there is a possibility of such a counter-image near the
centre of the cluster. Accordingly, we allowed GRALE to pro-
duce extra images in that region. The corresponding mass maps
are shown in the second row of Fig. 5. This time the extent of
the image region is larger, and the fraction rms between recon-
structions (right-hand panel) is smaller in the general region of the
image at zl = 0.4. A clear mass subpeak is seen near the ellipti-
cal, offset from it by ∼4 arcsec or ∼7 kpc. To be consistent with
the previous case, we again calculate the centre of mass, or cen-
troid, in a circular region of radius 5 arcsec. Individual centroids
are marked with green ‘×’ signs, and their average is the blue star.
Again the offset is detected at a significance similar to the one
above.
Finally, we then combined the two sets of ensembles described
above, for a total of 20 individual maps. The bottom row of Fig. 5
shows the average mass map, and the map of δ/ for the combined
ensemble. The conclusion remains unchanged.
MNRAS 439, 2651–2661 (2014)
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Figure 4. Reconstruction of the lens in Fig. 3. Column 1: using three sources only, with the corresponding images shown as black triangles; column 2: using
four sources; column 3: using all five sources. The top row shows average surface mass density ; units are same as in Fig. 1. The second row shows the
fractional rms deviation of 10 reconstructions, δ/. The third row contains /δ, where  is the pixel-wise difference between the true map and the
average reconstructed map. The bottom row shows the cumulative /δ, along with the corresponding curve (marked ‘error function’) for Gaussian errors
with dispersion δ. We conclude that the error estimate δ needs to be multiplied by ∼2 (or increased by 0.30 on a log10 scale). The worst cases are some
very small regions (red in the lower panels) where log10 should be increased by ∼+1.
MNRAS 439, 2651–2661 (2014)
 at U
niversitaet Zuerich on A
ugust 13, 2014
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
Mass–galaxy offsets in Abell 3827, 2218 and 1689 2657
Figure 5. Mass reconstructions of A3827. North is up and east to the right. The scale is 1.82 kpc arcsec−1. The upper row maps are an ensemble of 10 maps,
each obtained using only the 9 images of the source at zs = 0.2. The middle row shows an ensemble of 10 maps, using 9 images of the zs = 0.2 source and the
single image at zs = 0.4. The bottom row combines both ensembles. The left-hand column presents the average of the 10 mass maps. The middle column is a
zoom centred on the most luminous elliptical N1. The 10 green ‘+’ signs (top row) and ‘×’ signs (middle row) represent centroids from 10 individual maps of
the mass within the green circle shown in the left-hand column. The grey dot towards the bottom of the plots (in the middle column) is N1. The blue asterisk
is the centroid of the average of the 10 realizations. The right-hand column shows the fractional rms deviation between the 10 maps, δ/.
3.2 Abell 2218
Abell 2218 is a well known and much studied lensing cluster (e.g.
Abdelsalam et al. 1998). Like other rich clusters, it has been used in
the recent years as a cosmic telescope (Altieri et al. 2010; Hopwood
et al. 2010; Knudsen et al. 2010) to get a better view of distant or
faint galaxies. The strong-lensing region is somewhat larger on the
sky than in Abell 3827, and the greater redshift, zl = 0.175, implies
a larger physical scale, 3 kpc arcsec−1.
We reconstructed the cluster using the four most secure strong-
lensing systems. Fig. 6 shows the mass map (left-hand panel) and
fraction rms dispersion between the 10 individual maps of the en-
semble (right-hand panel). While apparent offsets are visible be-
tween galaxies (grey dots) and mass in the central region of the
cluster, these are not significant, because rms in that region is
comparable to the typical value of the surface mass density. Sig-
nificant offsets are seen around the lower-right mass clump, where
the rms dispersion between mass maps is low. In the central panel,
we show a zoom of that region, similar to that in the middle panel
of Fig. 5. The green ‘+’ signs represent the local mass peaks (not
centroids as in the case of A3827) of individual reconstructions,
which are displaced from the nearest cluster galaxies, represented
by grey dots in the upper right of that panel.
3.3 Abell 1689
Abell 1689, at redshift 0.183, is perhaps the best-known lensing
cluster, containing over a hundred lensed images from at least 30
background sources extending to high redshifts (Broadhurst et al.
MNRAS 439, 2651–2661 (2014)
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Figure 6. Mass map of A2218. North is up and east to the right. The average mass map (left-hand column) and fractional rms (right-hand column) are based
on 10 realizations. The central column shows the zoom of the region with mass–light offsets, and the green ‘+’ signs are the local mass peaks from individual
reconstructions. The scale is 3 kpc arcsec−1. Galaxies with R < 20 (Pello et al. 1992) are marked with grey dots.
Figure 7. Mass maps of A1689. North is up and east to the right. The columns are similar to those in Fig. 6. Galaxy positions (Duc et al. 2002) also marked.
2005). Our reconstruction of its mass is shown in Fig. 7. As with
Abell 2218, the mass map and the rms maps are in the left- and
right-hand panels. There are no significant mass/light offsets in this
cluster. To illustrate that, in the central panel we show a zoom into
the central region, where the mass peaks of the 10 individual maps
are shown as green ‘+’ symbols. Their distribution with respect to
the central cluster galaxy (grey dot) is consistent with the two being
coincident.
Because the cluster has many multiply imaged systems spanning
a wide range of redshifts, it is possible to test if there are line of sight
(los) structures that have affected the positions of images. We di-
vided the multiply lensed sources into two groups, the low-redshift
system (LRS) and high-redshift system (HRS). LRS consists of a
total of three multiply imaged systems with five, three and three
(total of eleven) images at redshifts 2.54, 1.99 and 1.98, respec-
tively. HRS consists of a total of two multiply imaged systems with
two and five (total of seven) images at redshifts 4.53 and 2.99,
respectively. We then carried out mass reconstruction for A1689
using LRS and HRS separately. The two mass maps are shown
in Fig. 8, in the upper-left and upper-middle panels, respectively.
The corresponding fraction rms distributions are shown below each
map. The upper-right panel is the difference between HRS and
LRS maps divided by the rms of the LRS maps (/δ). Most
of this map is consistent with a uniform surface mass density of
low amplitude, about a factor of 10 below the critical surface mass
density. This could be due to steepness, or mass sheet degeneracy
which affected one map more than the other. The only prominent
feature is a mass excess in the HRS map, compared to the LRS map,
centred at around (−20 arcsec, 35 arcsec). The δ maps for both
HRS and LRS are both low in that region, suggesting that the struc-
ture is real. We interpret this feature as a los structure, probably
in the redshift range 2–3. Another test of the structure’s signifi-
cance is shown in the lower right, which contains a histogram of
the upper-right plot /δ (pixel wise). The putative los structure
contributes to the tail extending beyond the right edge of the distri-
bution. The corresponding lensing mass would be ∼1013 M if the
structure were at the same redshift at A1689, but since the structure
can only be at z> 2.5, the critical density and hence the lensing mass
are much lower – a few times 1012 M – amounting to a modest
galaxy group. There is another feature at (−50 arcsec, −60 arcsec),
but it is outside the image circle, and the δ in that region says that
it is not significant.
4 D I SCUSSI ON
Gravitational lensing offers a unique opportunity to study the dis-
tribution of matter in clusters of galaxies. Free-form reconstruction
methods take full advantage of this. Our synthetic tests show that
GRALE recovers the mass distribution well, and the concomitant
errors provide a reliable guide to assessing the significance of vari-
ous mass features. The test case in Figs 2 and 4 shows no spurious
offsets in the mass maps.
Reconstructions of the three real lensing clusters indicate some
curious features. In two clusters we see offsets between the optical
light and the nearest mass concentrations. The form of the offsets
is not resolved: they could be distinct peaks in the projected mass
MNRAS 439, 2651–2661 (2014)
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Mass–galaxy offsets in Abell 3827, 2218 and 1689 2659
Figure 8. Test for the los structure in A1689. Upper-left and upper-middle panels are the mass maps obtained using two separate sets of sources: at low and
high redshifts, respectively. Lower-left and lower-middle panels are the corresponding fractional rms maps. Upper right is the difference between the high-z
(HRS) and the low-z (LRS) maps divided by the rms of the low-z maps (i.e. /δ, which is dimensionless); the scale is linear. Note the apparent structure
at higher z, near (−20 arcsec, 35 arcsec). Lower right is the histogram of the map above it (pixel wise) /δ.
distribution; or they could be spurs that extend from a peak that itself
coincides with the galaxy light; or the offsets could very lopsided
dark haloes around galaxies. (We emphasize that not all offsets seen
in the reconstructed mass maps are significant, but only those that
pass the statistical significance tests.) A caveat to bear in mind is
the assumption that the observed image positions are accurate. Be-
cause lensed images are often faint, have low surface brightness
and are superimposed on brighter cluster galaxies, image identi-
fication is not always straightforward. It is thus conceivable that
some images have been misidentified. But assuming that the image
identifications are all valid, confirmation by independent techniques
is desirable. Lens reconstruction methods not assuming light traces
mass in some way include Lensview (Wayth & Webster 2006),
LensPerfect (Coe et al. 2008) and PBL (Deb, Goldberg & Ramdass
2008) and any of these would be suitable. If the mass/galaxy offsets
are confirmed, they would lead to interesting conclusions about the
nature of clusters and dark matter.
In general, several reasons for offsets are possible. Superimposed,
but dynamically unrelated los structures could contribute lensing
mass, with no apparent associated light, especially if the structures
are considerably further away from us than the main lensing cluster.
However, we argue that the offset in A3827, is not due to the los
structure because of the very low redshifts of the sources. In A2218,
los structures are also unlikely to be the cause because only a very
concentrated and massive los structure can contribute significantly
in the vicinity of a massive clump within a cluster. Such chance
superposition are expected to be rare.
Line-of-sight structures are more likely to make a contribution
away from mass concentrations within the cluster, where cluster pro-
jected densities are lower. This can be illustrated with dark-matter
N-body simulations. The blue lines in Fig. 9 are the isodensity con-
tours of the total projected mass in a cylinder centred on a halo whose
virial radius is the radius of the window, while the red lines are the
contours of the projected mass inside the virial sphere of the clus-
ter. We caution that these plots were made with a limited los depth
of about comoving 90 Mpc (Simulations courtesy Ju¨rg Diemand;
Diemand, Moore & Stadel 2004). The black contours mark regions
where the fractional mass excess due to the los structures (and not
the mass within the virial sphere) amount to 25 per cent of total.
The top two panels show examples where the contribution from
the los material is typical, while the bottom two panels present
two cases with the most contribution (out of a total of 100 lines
of sight). Even though the length of the cylinder is not large, the
plots show that los structures cannot make a significant contribution
where the cluster density is high. However, such structures can make
a significant contribution at some distance away from the cluster
centre.
In A1689, we might be seeing such an los structure. After sub-
tracting the mass reconstruction based on HRS from that based on
LRS we see a mass concentration about 30 arcsec, or 100 kpc from
cluster centre. It is statistically significant (it contributes to the tail
of the distribution shown in Fig. 8 which extend beyond the right
edge of the plot) but is not associated with bright cluster galaxies.
We interpret it as arising from a structures between the z ≈ 2 and 3.
If not los structure, what else can be responsible for mass–light
offsets seen in A3827 and A2218? Offsets could be intrinsic to
the cluster, and be due to manifestations of known physics, like
gravity and hydrodynamics of the gas, or new physics, such as
self-scattering of dark matter. Offsets in merging clusters have
been observed, but mostly between the dark matter and the X-ray
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Figure 9. Density contours of projected mass centred on haloes taken from dark-matter-only simulations (Diemand et al. 2004). The radius of the window is
the virial radius, and the green circle marks the typical radius where lensed images will be formed. The red density contours are due to the halo mass interior
to the virial sphere, while the blue contours are due to all projected mass within a cylinder of roughly 90 Mpc. The black contours mark regions where the
fractional mass excess due to the los structures (and not the mass within the virial sphere) amount to 25 per cent of total. The top two panels show average
lines of sight, while the bottom panels the two (out of 100) where los material makes the most contribution.
emitting gas components (Clowe et al. 2006, 2012). In the out-
skirts of Abell 2744, a separation between dark matter and galaxy
components is also seen (Merten et al. 2011), and in the merg-
ing cluster CL0152-1357 an offset between Sunyaev–Zel’dovich
effect and X-ray peaks has been detected (Molnar, Hearn & Stadel
2012). Most of these offsets are on larger scales then what we
detect in this work. For smaller scale offsets, early stage mergers
are probably not the cause, and different set of causes has to be
considered.
One of the possibly relevant gravitational effects is the oscillation
or wobbling of a galaxy, such as a BCG around the bottom of the
gravitational potential. This has been observed in a sample of galaxy
clusters as a displacement of the BCG from the lensing centroid
(Zitrin et al. 2012). The distribution is displacements is wide, and
peaks at roughly 10 kpc. Whether this is a likely explanation for the
offsets in A3827 and A2218 is yet to be determined – the observed
offsets are not for central cluster galaxies.
It is less likely, but still possible that the offsets are a consequence
of tidal effects. These would strip the material from the galaxy
symmetrically in the leading and trailing directions. Since the offsets
in A3827 and A2218 do not show such symmetry, tidal effects are
probably not the main cause.
Dynamical friction would create an asymmetric structure and
would preferentially distort the distribution of dark matter and not
stars if the former has a more extended distribution. A numerical
simulation would be required to test this possibility.
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The formation of a galaxy cluster is a complex process involving
hydrodynamics of gas. It is possible that star formation induced by
galaxy mergers within clusters would result in stars and dark-matter
haloes offsets.
Finally, if dark matter has non-negligible self-interaction cross-
section, dark-matter particles of the galaxy halo would experience
a drag force as the galaxy moves within the halo of the cluster.
The nature of the resulting dark matter features induced by these
interactions may be consistent with those observed in A3827 and
A2218, but detailed simulations are required (Kahlhoefer et al.
2014).
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